Purpose: Stem cells provide new opportunities in the regenerative medicine for human or animal tissue regeneration. In this study, we report an efficient method for the modulating behaviors of electro-active stem cells by micro-electric current stimulation (mES) without using chemical agents, such as serum or induction chemicals. Methods: Dental pulp stem cells (DPSCs) were cultured on the tissue culture dish in the mES system. To find a suitable mES condition to promote the DPSC functions, the response surface analysis was used. Results: We found that a working micro-current of 38 μA showed higher DPSC proliferation compared with other working conditions. The mES altered the expressions of intracellular and extracellular proteins compared to those in unstimulated cells. The mES with 38 μA significantly increased osteogenesis of DPSCs compared with ones without mES. Conclusions: Our findings indicate that mES may induce DPSC proliferation and differentiation, resulting in applying to DPSCs-based human or animal tissue regeneration.
Introduction
Animal or human stem cells are characterized by their unique ability to differentiate into various types of cells, yielding an important key in the regenerative medicine including animal tissue regeneration (Gronthos et al. 2000; Jo et al. 2007; Richardson et al. 2007; Wang et al. 2011; Kim et al. 2013) . It is therefore important to obtain a large number of stem cells and develop technology for regulating them for stem cellbased biological engineering applications. Stem cells are exposed on various physical and biochemical environments that enable them to regulate or maintain appropriate biological functions including proliferation in animal or human systems (Gronthos et al. 2000; Jo et al. 2007; Richardson et al. 2007; Wang et al. 2011; Kim et al. 2013; . In general, the traditional biologists have focused on the behavior of stem cells through 'cocktail' of biochemical factors such as proteins and hormones ). For example, the fetal bovine serum (FBS) which contains well-defined biochemical factors (e.g., growth factor) promotes the function of stem cells (Jo et al. 2007) .
It has been known that electrical cues may also influence on the behavior of cells (Falanga et al. 1987; Zhuang et al. In vitro mES system used in this study. The system consists of a micro-current supply located adjacent to the CO2 incubator and culture plates with platinum electrodes for stimulation in the CO2 incubator.
1997; Zhao et al. 1999; Haddad et al. 2007; Aaron et al. 1999; Aaron et al. 2002; Au et al. 2009; Tandon et al. 2010) . Firstly, electrical stimulation (ES) alters the complex interplay between living cells and their physical environments, which plays an integral role in maintaining normal biological functions in the human body (Haddad et al. 2007 ). Secondly, ES enhances growth factor production in cell culture. This effect has been most studied for production of bone morphogenetic proteins (e.g., BMP-2 and BMP-4), transforming growth factor-β (TGF-β), and an insulin-like growth factor 2 (IGF-2) (Aaron et al. 1999; Aaron et al. 2002; Haddad et al. 2007 ). In particular, ES affects the behaviors of electrically charged molecules, such as receptors, located in cell membrane (Zhao et al. 1999) . Thirdly, ES affects the signal transduction cascade in living cells. Many studies have demonstrated that the exposure of living cells to ES can stimulate certain signal transduction cascades, such as the calcium/calmodulin pathway, which is important in the production of intracellular molecules (Falanga et al. 1987; Zhuang et al. 1997) .
Recently, Au et al. (2009) reported that the electrical field stimulation enhances phenotype of cardiomyocytes which is one of the types of electro-active cells. In addition, it has been reported that the electrical fields may regulate the behavior of adipose tissue-derived stem cells (Tandon et al. 2010) . These studies suggest that the electrical cues may be able to regulate behavior of stem cells, especially on electro-active stem cells. Thus, we can expect that the electrical stimulation would be an effective method to obtain a number of stem cells or regulate behavior of them.
Dental pulp stem cells (DPSCs) can be easily obtained by tooth of animal or human and are a potential cell source for tissue regeneration, because of their remarkable self-renewal capability and multiple differentiation potentials, much like those of bone marrow stem cells (Gronthos et al. 2000; Jo et al. 2007; Wang et al. 2011) . In particular, the DPSCs are putatively derived from neural crest cells, suggesting that the DPSCs may be sensitively responded by electric environments for their function (Jo et al. 2007 ). However, current studies regulating the behavior of DPSCs have still focused on the traditional biotechnology methods, which uses the 'cocktail' of biochemical factors. In this study, we hypothesize that the appropriate electrical cues would regulate the behavior of DPSCs without use of the growth factors. The objective of this study was to investigate suitable conditions of electrical stimulation for regulating behavior of DPSCs, types of electro-active stem cells
Materials and Methods

In vitro micro-electrical stimulation system
The micro-electric current supply comprised a potentiometer, controlled timers, and a monitor ( Figure 1A ). The in vitro micro-electrical stimulation (mES) system consisted of a micro-current supply located next to the CO 2 incubator and a 35 mm tissue culture dish (TCPS) with platinum electrodes in the CO 2 incubator (Figure 1 ).
Dental pulp stem cell culture
DPSCs were provided by Prof. PH Choung from the Tooth Bioengineering National Laboratory in the College of Dentistry at Seoul National University. Isolated DPSCs were seeded onto TCPS with alpha-modified Eagle's medium (alpha-MEM; Gibco BRL, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), 2 mM/L glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco BRL, Carlsbad, CA, USA) at 37°C in a humidified atmosphere containing 5% CO2. The culture medium was changed at 2-to 3-day intervals. We electrically stimulated DPSCs between passages 5 and 6 without FBS or induction media (i.e., without use of growth factors) in an in vitro mES system. We also empirically determined the optimal current intensity, stimulation time, and rest stimulation time interval using results of a central composite design and a response surface analysis. DPSCs were stimulated for a total of 2 h per day (including stimulation and time rest).
Central composite design and response surface analysis to assay the effects of micro-electrical stimulation conditions on proliferation of dental pulp stem cells
To determine optimal mES parameters, such as current (µA), stimulation time (ST_TIME; sec), and rest time (ST_INTV; sec) (Berg 1995; Kim et al. 2006 ), a central composite design and a response surface analysis were used (Li et al. 2008) . The central composite design with five coded levels was applied for optimization. For the three factors of interest, this study used a full 8 factorial design with six axial points and each replication at the center points, totaling in 20 experiments (8+6+6). The data were analyzed using a second-order polynomial equation, and the data were fitted to the equation by a multiple regression procedure. The model equation is as follows (Li et al. 2008) :
where Y is the predicted response, β 0 is the intercept term, β 1 is the linear coefficient, β ii is the squared coefficient, and β ij is the interaction coefficient.
The quality of fit of this model was expressed by the coefficient R 2 , and its statistical significance was determined by an F-test. Statistical analysis of experimental data was performed using SAS software (Version 9.1, SAS Institute Inc., Cary, NC, USA).
Analysis of proliferation of dental pulp stem cells by micro-electrical stimulation
DPSCs (2×10 4 cells/mL) were seeded on TCPS in the in vitro mES system. After culturing DPSCs with or without mES, DPSCs proliferation was determined by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Extraction of intracellular and extracellular proteins and SDS-PAGE to analyze protein secretion induced by micro-electrical stimulation
To obtain intracellular and extracellular proteins, DPSCs (2×10 4 cells/mL) were cultured in the in vitro mES system.
After culturing DPSCs for 2 days with mES, the culture medium was collected and extracted by centrifugation at 3000 G in a Centriprep filter (Millipore, amicon, USA) with a 3-kDa pore size. The DPSCs were lysed in 30 µL of NP-40 buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40, and 1 mM PMSF) supplemented with a protease inhibitor cocktail (AMRESCO Inc., USA). The extracted proteins were analyzed by SDS-PAGE.
Western blot analysis
Total cellular protein was extracted by RIPA lysis buffer (62.5 mM Tris-HCL, 2% SDS, 10% glycero, pH 7.5) with added proteinase inhibitor cocktail (Invitrogen, USA). Cell lysates were incubated on ice for 30 min and then centrifuged at 13,000 rpm for 30 min at 4℃. Supernatant (protein lysate) was collected and protein concentration was determined by a micro bicinchoninic acid (BCA) Protein Assay Kit (Bio-rad, Hercules, Calif). 25 μg aliquots of the cell lysates were separated by 8% SDS-PAGE under reducing conditions. Separated proteins were transferred to a PVDF membrane (Millipore Corporation, Bedford, MA, USA) at 30 V for 1 h. After blocking with 5% skim milk in PBST, the membrane were incubated overnight in primary antibody at 4℃. Primary antibody was purchased from the company (Abcam, Cambridge, MA, USA). Quantification of the Western blot was performed using the Image J software with a normalization of the level of the entire protein. 
Statistical analysis
Each experiment was repeated at least three times. All data were statistically analyzed using a one-way analysis of variance (ANOVA) and t-test. Statistical significance was set at p < 0.05.
Results and Discussion
We first showed that the proliferation of DPSC was sensitive to mES. Since this is the first report on the investigating such effects on the proliferation of DPSCs by electrical stimulation, there was no information regarding the optimal mES parameters. We used a statistical method with an appropriate experimental design to determine the optimal mES conditions for DPSC proliferation, such as current (µA), stimulation time (ST_TIME; sec), or rest stimulation time interval (ST_INTV; sec). The central composite design was used to study the variables within the range of -1.68 to 1.68 in relation to DPSC proliferation (Table 1 where Y is the cell proliferation (O.D), X 1 is the rest time (sec), X 2 is the current intensity (µA), and X 3 is the stimulation time (sec).
The suitability of the model was verified by an R 2 of 0.9870 and p < 0.0001. The response surface plots for DPSC proliferation against mES are shown in Figures. 2-4 . The proliferation of DPSCs varied significantly according to the electrical stimulation conditions including the current intensity, stimulation time, and rest time. The optimum condition on proliferation of DPSCs for the three electrical stimulation conditions was determined by using the central points of the corresponding contour plots. The results turn out that 38 µA is the optimum current condition for DPSC proliferation in our case. We also learned from the response surface plots that there would be a high possibility that the high electric stimulation time or rest time as mES working conditions may be able to increase DPSC proliferation ( Figures. 2-4) . To evaluate the optimization results (38 µA), we cultured DPSCs with the condition found in this study (i.e., current: 38 µA; stimulation time: 36.82 sec; rest time: 110.46 sec) for 3 days. As shown in Figure 5 , we observed that the DPSCs showed the highest cell proliferation rate when the 38 µA was used as a current condition; we learned that approximately 6% proliferation of DPSCs was increased with the electrical stimulation, compared with ones without electrical stimulation ( Figure 5) .
To test the hypothesis that mES influences the generation of biochemical elements, we investigated changes in the expressions of secreted proteins using SDS-PAGE. We cultured DPSCs for 3 days with mES, and then we extracted the media by centrifugation at 3000 G in a Centriprep filter with a 3-kDa pore size after culturing DPSCs for 3 days with mES. The conditioned media were resolved by 8% SDS-PAGE, as shown in Figure 6 . Our result showed that the expressions of extracellular proteins induced by mES might influence DPSC proliferation. To verify the SDS-PAGE results on behavior of DPSCs, we cultured DPSCs for 3 days using the conditioned media. The highest DPSC cell proliferation rate was observed in medium conditioned at 38 µA, compared with 0, 0.5, or 75.5 µA (Figure 7 ). This result indicated that some secreted proteins cause mES-induced DPSC proliferation.
Based on our findings, mES is a promising technique for obtaining a number of stem cells. In this study, we tried to use mES as new method for promoting proliferation of DPSCs without using chemical agents, such as serum. We first assayed the proliferation of DPSCs stimulated by mES. Though a more detailed study should determine the optimal mES conditions for DPSC proliferation and plasticity, our data indicate that mES is an efficient method to proliferate DPSCs ( Figure 5 ). Culturing DPSCs with conditioned media from cells grown with mES suggests that mES influences the expressions of extracellular molecules in DPSCs (Figure 6 ). We demonstrated that DPSC proliferation can be controlled without serum using mES, suggesting that combining structural and chemical cues with mES may have more potential for the promoting proliferation of DPSCs.
DPSC-based biological engineering requires methods to differentiate stem cells into specific lineages. Physical cues are essential factors for stem cell differentiation ). Therefore, as a preliminary study, we investigated mES as a method to differentiate DPSCs. In particular, we assayed osteocalcin (OCN) as a marker of osteogenesis, since DPSCs have potential applications in animal and human bone regeneration (Gronthos et al. 2000; Jo et al. 2007; Wang et al. 2011) . Although more detailed investigations are necessary, our data indicated that mES increased OCN expression in DPSCs (Figure 8 ). As shown in Figure 8A , by changing the expressions of extracellular or intracellular molecules, mES may facilitate osteogenesis in DPSCs ( Figure 8B and C). On the other hand, high intensity mES (75.5 µA), decreased OCN expression. Together, our data suggest that mES may be an efficient method to regulate DPSC differentiation although the further study is needed. In other words, further studies identifying optimal mES conditions for the regulation of DPSC differentiation would be more beneficial.
Conclusions
In this study, we demonstrated that mES can regulate the behavior of DPSCs. We found a working micro-current of 38 µA as a suitable mES condition using response surface analysis, demonstrating that the mES could induce proliferation of DPSCs. Our results also indicate that the osteogenesis of DPSCs could be improved by using the mES without use of induction chemicals. In addition, we showed that the mES altered the expressions of intracellular and extracellular proteins compared to those in unstimulated DPSCs. Though further studies on the use of mES to modulate DPSC behaviors are needed, we conclude that mES may be an efficient method to facilitate or regulate DPSC proliferation and differentiation, with applications to DPSCs-based human or animal tissue regeneration.
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